Large scale matter-antimatter symmetry and antigravity is proposed as an hypothesis to explain recent cosmological observations and as an alternative to a non zero cosmological constant. It is found that various aspects of general relativity hint this possibility.
There is no direct experimental evidence about the nature of the gravitational interaction between matter and antimatter, although it is commonly agreed that antiparticles have the same gravitational properties as ordinary matter. Until this experimental evidence is available, the possibility of antigravity (repulsive gravitational interaction between matter and antimatter) should not be completely discarded.
There are certainly many difficulties in accommodating the idea of antigravity in current theory. The various theoretical difficulties that led to the early rejection of the idea of antigravity have been critically reviewed by Nieto et al. [1] . Some possibilities to avoid these difficulties will be suggested here, although many questions will be left unsolved.
It has recently been experimentally determined by two independent groups that the velocity of expansion of the universe is not being gradually slowed down by gravity, but much to the contrary is being accelerated by some unknown repulsive force [2, 3] . This is commonly interpreted in terms of Einstein's cosmological constant, but the idea of the cosmological constant lacks a firm foundation in terms of physical first principles. The main purpose of this paper is to show that these cosmological observations can be interpreted as evidence of the universe being composed of matter and antimatter clusters kept apart by their mutual repulsive gravitational interaction.
Modern cosmology and particle physics is dominated by the idea of matter-antimatter asymmetry. This idea was incorporated in Grand Unified Field Theories because of the (at the time) apparent experimental fact that large scale antimatter is not part of our universe.
The following quote is one of the typical arguments against the existence of antimatter on a large scale: "Cataclysmic events resulting from collisions of matter and antimatter galaxies are not observed ... and the proportion of antimatter in the cosmic radiation is very small (10 −4 )" [4] . I will briefly comment on both points.
In a universe with antimatter and antigravity, large scale annihilation and the resulting gamma ray bursts would be a rare but possible phenomenon (the probability of such an event decreasing with the mass being annihilated due to the antigravitational repulsion between matter and antimatter). The precise location of the sources of Gamma Ray Bursts 2 and rough estimations of the total emitted energy have become possible only very recently (1998). It has been estimated that the energy liberated in one recent event was of the order of the rest mass of two stars with the size of the sun [5, 6] . Events with a duration of 30 ms to 1.6 hours are observed daily, and appear to occur at cosmologically large distances (> 10 9 light years). The duration of a GRB puts a higher limit on the size of the source. For events lasting 100 ms, the source must be no larger than the earth (probably much less). There are few plausible processes capable of liberating such an energy density. Besides matterantimatter annihilation, collisions between high density bodies such as neutron stars seem also good candidates to explain GRBs. It has also been argued that the weakness of the 0.5
MeV line due to electron-positron annihilation in gamma-ray spectra rules out large scale
annihilation. But this line should only be expected for the annihilation of particles at rest.
It is easy to imagine that few particles would be at rest when a star and an antistar collide.
The annihilation of relativistic particles yields continuos gamma ray spectra.
Regarding the small proportion of antimatter in cosmic radiation, most of the cosmic rays come from within our own galaxy. Thus we can expect our own galaxy to be mostly composed of matter, but nothing should be inferred about the rest of the universe. The heliosphere and the galactic magnetic fields considerably interfere with the transmission of charged particles. Extrapolating the cosmic ray measurements made on earth to a cosmic scale is a huge extrapolation. Some authors have suggested that antiparticles in cosmic radiation are a consequence of collisions during the propagation of high energy particles through the galaxy, but Stecker and Wolfendale [7] found that the shape of the energy spectrum of antiparticles suggests these to be of extra-galactic origin and not due to collisions with interstellar media.
Under the hypothesis of antigravity, nearby galaxies can be expected to be matter galaxies, as the antigravitational force would have expelled the antimatter to cosmological distances.
The idea of a universe with matter and antimatter domains was studied by Brown and
Stecker [8] . These authors suggested that grand unified field theories with spontaneous symmetry breaking in the early big bang could lead more naturally to a baryon-symmetric cosmology with a domain structure than to a baryon-asymmetric cosmology. Alfven also studied the possibility of large scale domains of antimatter in a different context [9] .
One of the main problems of modern cosmology is that the energy density due to virtual particle-antiparticle pairs in vacuum would lead to an extremely large cosmological constant.
The hypothesis of antigravity would solve this problem as the gravitational field of virtual particles would be compensated by that of virtual antiparticles. The cosmological constant would be zero and the accelerated expansion of the universe would be explained by the mutual repulsion between matter and antimatter.
At first sight one might think that in a universe with antigravity and with the same amount of matter and anti-matter, there would neither be a repulsive nor an attractive net force on the size of the universe, as gravity and antigravity would compensate. In an ionic solid there are the same number of positive and negative charges, but the overall electrostatic force on the crystal is attractive (compensated by the Fermi exclusion principle).
Any comparison of the universe with an ionic solid is absolutely naive, but is included here for illustrative purposes. If we now visualize each positive ion as a cluster of matter galaxies, and each negative ion as an antimatter cluster, and replace the electrostatic interaction by the (anti)gravitational potential due to a point mass in the newtonian limit, we obtain from the Madelung model of an ionic solid:
where U g is the total gravitational energy, N is the total number of clusters, m would represent the mass of the clusters, R the separation between nearest neighbors, and α is the Madelung constant. For simplicity, and to keep the analogy with a crystal, m and R are assumed to be the same for all clusters. The Madelung constant takes values between 1.8 and 1.6 for most crystal structures. The overall force on the universe (dU g /dR) is seen to be repulsive. Such a model of the universe could not be static, the effective values of R, m, and α being a function of time. Clusters of the same sign would have a tendency to coalesce, so N would decrease with time, while R and m would increase. Gravity and antigravity would only be perfectly compensated in a homogeneous universe. In such a universe, (anti)gravity would amplify initial inhomogeneities due to quantum fluctuations and eventually this would lead to the formation of large clusters of matter and antimatter.
Therefore an initially at rest and homogeneous universe would spontaneously evolve into an expanding and inhomogeneous universe.
The equations of General Relativity show no preferred direction in time. It seems reasonable to assume that the Equivalence Principle should be interpreted as implying that the laws of physics are the same for future-pointing (matter) and past-pointing (antimatter) observers so that the terms "past" and "future" do not have an absolute meaning, they only have a meaning relative to the Lorentz frame of the observer. The possibility of particles propagating backwards in time is inherent to relativity. The Feynman-Stückelberg interpretation of antimatter, that is the interpretation of antimatter as matter with past-pointing four-momentum, allows the treatment of antimatter in the frame of general relativity, as recently reviewed by Costella et al. [10] .
In what follows we will try to show that repulsive gravitational forces can be explained in the frame of general relativity if one is willing to accept the interpretation of antimatter as matter in negative energy states. It is not easy to assume that antiparticles should have a negative rest mass, as experimentally it is well established that the minimum energy to generate a particle-antiparticle pair is twice the rest mass of the particle (and not zero), but nevertheless it is interesting to explore the consequences of this assumption. Consider the following relativistic equations
where m is the mass, u µ is the four-velocity, p µ is the four-momentum, and J µ is the electromagnetic four-current. The square root in the denominator of γ implies that γ can either take a positive or a negative value. From the Lorentz transformations follows that a change of sign in γ implies a parity change and a time reversal, thus we will name such an operation as PT . A change of sign in γ changes the sign of τ , of the mass-energy, and converts future-pointing four vectors into past-pointing four-vectors. The energy-stress tensor T remains invariant under PT as it is quadratic in γ. Equation (3) implies that a negative mass-energy has to be assigned to a particle propagating backwards in time. This can be verified with one of the basic equations of relativity, that giving the energy E of a particle measured by an observer as
where g is the space-time metric, p is the 4-momentum of the particle whose energy is being measured, and u is the 4-velocity of the observer. Let us assume for simplicity that the observer is in the same frame of reference as the particle being observed, therefore the components of u are 1,0,0,0 in the appropriate units and with the first component being time. If we now substitute our particle by an antiparticle, all we need to do is to apply PT to either the particle or the observer. Thus we have to change the sign of either p or u. The straight forward consequence is that the sign of the observed mass-energy of the particle changes. Therefore an observer propagating forwards in time will measure a negative energy (and therefore a negative mass) for a particle propagating backwards in time. This also holds for an observer propagating backwards in time (with u = −1, 0, 0, 0) observing a particle that propagates forward in time. If for some reason all four-vectors should be either future or past-pointing, the sign of the energy would be merely a matter of convention, but if all four-vectors point in the same direction in time, there would be no Feynman-Stückelberg antimatter. So the sign of the energy is not only a mater of convention, it has opposite signs for matter and antimatter (if one is willing to accept the Feynman-Stückelberg interpretation of antimatter). The sign of the mass-energy is not an intrinsic property of the particle, it depends on the state of motion of the particle and the observer's reference frame.
Given an observer with a future-pointing four-velocity u µ , the four-momentum density he observes is given by
The fact that PT does not change the sign of T does not necessarily imply T 00 > 0. If we only allow T 00 > 0 then the four-momentum density p ν observed by a future-pointing observer (such as we are) is always future-pointing. This is equivalent to a denial of the existence of Feynman-Stückelberg antimatter. To get a past-pointing four-momentum we need a energy-stress tensor with T 00 < 0. Therefore we conclude that the stress-energy tensor T corresponding to Feynman-Stückelberg antimatter has the opposite sign than that corresponding to ordinary matter.
The relation between the curvature of space-time and its mass-energy content is given by the Einstein field equation:
where g is the space-time metric, T is the energy-stress tensor, and R ik and R are certain contractions of the Riemann tensor of curvature. If antimatter is described by a negative energy-stress tensor, then it has the opposite effect than matter on the curvature of spacetime, and compensates the curvature of space-time induced by matter. If we accept the possibility of the universe containing equal amounts of matter and antimatter, we have a possible explanation to the recent observations suggesting that the universe is nearly flat on a large scale [11] .
If the effect of antiparticles on the curvature of space-time is opposite to the effect of particles, the effect of the curvature on the movement of antiparticles should be opposite 7 to its effect on particles, because according to the equivalence principle, the gravitational interaction between antiparticles should be attractive (an antimatter observer in an antimatter world should experience the same phenomena as we do). We will attempt to verify this in what follows. The gravitational acceleration of a particle in general relativity is defined relative to the geodesic of an observer instantaneously moving along the particle.
Mathematically this is written as,
where u ν is the four-velocity of the observer and v ρ the four velocity of the particle. If both the observer and the particle are future-pointing then u ν = v ν , but if the observer is future-pointing (like we are) and the particle is past-pointing (like a positron is) then
When considering the change in the gravitational force upon charge-conjugation, Stückelberg, in his 1942 paper [12] , also reversed the four-velocity of the observer, so he found no change in the gravitational force.
Suppose that in a certain region of space, the electrostatic and gravitational field compensate so that the net force on a charged particle at rest in that region is zero. If we now replace this particle with an antiparticle by applying the charge conjugation operator C, the electromagnetic force on the particle changes sign. If the gravitational force is the same for the particle as for the antiparticle, the antiparticle would not remain stationary as the gravitational and electromagnetic forces would no longer compensate each other, but the PT operators (space-time reversal) cannot transform the wavefunction of a stationary particle into that of an accelerating particle. This implies a violation of CPT symmetry. Therefore we are forced to either admit antigravity or to conclude that the CPT theorem does not apply to gravity. This later possibility would very uncomfortable, as the CPT theorem is considered one of the basic building blocks of modern theoretical physics. CPT symmetry requires that the antiparticle should remain stationary when it is put in place of the particle, and therefore the gravitational force should change sign upon particle-antiparticle exchange.
Up to now, no distinction has been made between electrons and photons or any other kind 8 of particle. Therefore a photon could have a past-pointing four-momentum just as well as an electron. Such photons would have negative energy when observed from a future-pointing Lorentz frame such as ours. In fact, it has been shown that solutions of either negative norm or negative energy appear naturally when quantizing the electromagnetic field [13] .
The idea of the Dirac Sea, although largely replaced by modern theories, is still found in most texts on relativistic quantum mechanics, and this idea is commonly considered as necessary because it is believed that any electron in a positive energy state would spontaneously One of the first classical arguments against the idea of antigravity was found by Morrison [16] . Morrison devised a though experiment that suggested that antigravity implied a violation of energy conservation. This tough experiment involved the propagation of photons in a gravitational field. But Morrison assumed all photons to always have a positive energy, which according to the equivalence principle is not necessarily true. The other classical argument against antigravity is that given by Schiff [17] . From certain quantum calculations and Eötvös experiment, Schiff deduced that the ratio of inertial to gravitational mass is in the same proportion for matter and antimatter. Although this has frequently been cited as ruling out any kind of antigravity, Schiff's argument can not lead to any contradiction with the ideas presented in this paper, as no distinction between inertial and gravitational mass has been made.
Summarizing, it is suggested that negative energy solutions in general relativity and relativistic quantum mechanics represent antimatter, and that these negative energy densities should repel ordinary matter according to Eintein field equation. The mutual repulsion between matter and antimatter clusters would cause the recently discovered accelerated expansion of the universe. The fact that we experience time as always going forwards would be due to a spontaneous local symmetry breaking caused by the separation of matter and antimatter by antigravity, but on a large scale there would be no "arrow of time".
It might be argued that the hypothesis of antigravity brings up more problems than it solves, but at a time when observations defy theory, all possibilities should be actively sought.
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